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Background: Exhaled breath condensate analysis is an attractive but still not fully
standardised method for investigating airway pathology. Adherence of biomarkers to
various condensing surfaces and changes in condensing temperature has been considered
to be responsible for the variability of the results. Our aims were to compare the efficacy
of different types of condensers and to test the influence of condensing temperature on
condensate composition.
Methods: Breath condensates from 12 healthy persons were collected in two settings:
(1) by using three condensers of different type (EcoScreen, R-Tube, Anacon) and (2) by
using R-Tube condenser either cooled to 20 or 70 1C. Condensate pH at standardised
CO2 level was determined; protein content was measured by the Bradford method and
leukotrienes by EIA.
Results: Breath condensates collected using EcoScreen were more alkaline (6.4570.20
vs. 6.1970.23, po0.05 and 6.1070.26, po0.001) and contained more protein
(3.8972.03 vs. 2.6571.98, n.s. and 1.8871.99 mg/ml, po0.004) as compared to the
other devices. Only parameters obtained with R-Tube and Anacon correlated. Condensing
temperature affected condensate pH (5.9970.20 at 20 1C and 5.8270.07 at 70 1C,
po0.05) but not protein content. Leukotriene B4 was not found in any sample and
cysteinyl-leukotriene was not found in condensates collected with R-Tube or Anacon.
Conclusion: Condenser type influences sample pH, total protein content and cysteinyl-
leukotriene concentration. Condensing temperature influences condensate pH but not
total protein content. These results suggest that adherence of the biomarkers toElsevier Ltd. All rights reserved.
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the variability of EBC biomarker levels.
& 2007 Elsevier Ltd. All rights reserved.Introduction
Exhaled breath condensate (EBC) analysis is a developing
method for investigating airway pathology.1 Changes in
exhaled biomarker levels were detected in various inflam-
matory airway diseases including bronchial asthma,2–3 COPD4
and cystic fibrosis.5 However, the levels reported for exhaled
biomarkers are greatly variable.1,6 The reasons for this
variability in biomarker levels are not completely clear.
The type of the condenser seems to influence condensate
composition. Several commercially available and self-made
condensers are commonly used for EBC collection. Two
widely used devices, the EcoScreen and the R-Tube, have
been compared for some biomarkers. A difference in levels
of EBC eotaxin, cysteinyl-leukotriene7 and pH8 was found.
Similarly, EBC samples retained varying amounts of albumin
and 8-isoprostane upon changing the condensing surface of
the same condenser suggesting the importance of the
coating material.9 Different adhesion capacity of the
biomarkers to the different condenser surfaces may be an
explanation for the disparity in the results. Coating
condensing surfaces with either albumin for proteins or
the detergent Tween-20 for leukotrienes could increase
biomarker recovery.10
EBC contains volatile components and droplets whirled off
the airway lining fluid by the exhaled air. Theoretically, the
condensation of both, volatile gases of different vaporisa-
tion heat, and droplets of different size may be affected by
the condensing temperature. The influence of condensing
temperature on condensate composition is a crucial meth-
odological question not only in the comparison of different
condensers but also in the interpretation of results obtained
with the same condenser. Uneven condensing temperatures
may not only be present between different devices but also
in the case when the same condenser is used with different
airflow or with different cooling temperature. This assump-
tion has been tested to some extent and a difference in EBC
ammonium, conductivity and levels of hydrogen peroxide
and malone dialdehyde was found but EBC pH was
unaffected.11,12
Our aim in the current study was to compare different
types of condensers and to test the effect of condensing
temperature on condensate composition. Four EBC biomar-
kers were chosen for comparison: pH, total protein,
leukotriene B4 (LTB4) and cysteinyl-leukotriene (cys-LT).
The pH is currently considered to be the most robust
variable of EBC.11 Recently, we developed a new method for
the standardisation of EBC pH measurement in order to
exclude the influence of CO2 found both in raw and
deaerated samples. This method of EBC pH determination
provides six times better reproducibility than the commonly
used argon deaeration method, therefore it is capable of
detecting even very small differences in EBC pH.13 We
employed this method of pH determination to test if thetype of condenser or the condensing temperature affects
EBC pH values. We compared total protein content as
determined by the Bradford method14 instead of using
specific cytokine determination by immunoassays. The
levels of cytokines in raw EBC samples usually vary around
the detection limits of immunoassays and thus immunoas-
says are not suitable for detecting the small differences
expected between different EBC sampling methods.6 Finally,
leukotrienes are frequently measured biomarkers in EBC.
However, LTB4 levels in different studies show higher than
10-fold differences: 3.870.6 pg/ml LTB4 was found in EBC of
healthy adults by Tufvesson,10 6.870.7 pg/ml by Carpagna-
no15 and 38.1 pg/ml (median interquartil range: 31.2–53.6)
by Montuschi.16 EBC LTB4 level of healthy children was found
to be 47.974.1 pg/ml by Csoma17 while others reported no
detectable levels of LTB4 in EBC samples.
18
Methods
Participants
In all, 12 non-smoking healthy volunteers (five male, seven
female, mean age 32 years, range: 21–57 years) with normal
lung function values without any respiratory problem in the
past 2 months were enrolled. The local ethics committee
approved the study and all participants gave written
informed consent.
Study design
In the first part of the study three types of condensers
were compared: EcoScreen (Jaeger, Hoechberg, Germany),
R-Tube (Respiratory Research, Inc., Charlottesville, VA, USA,
covering metal tube cooled to 20 1C) and Anacon (Biostec,
Valencia, Spain). Participants were sequentially breathing
into the three condensers without breaks between sample
collections. The sequential order of the condensers was
randomised.
In the second part of the study the effect of condensing
temperature on condensate composition was tested by using
the R-Tube device. For this purpose the covering metal tube
of the condenser was cooled to either 20 or 70 1C.
There was a 5-min break between sample collections. Again,
the order of the condensers was randomised.
EBC collection
EBC was collected in the morning hours. Participants were
asked to inhale through the nose and exhale through the
mouth in their normal rhythm of breathing for 10min. They
were not wearing nose clips.
Exhaled breath condenses on a teflon surface in the
EcoScreen (and the condensate sample is collected in a
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R-Tube and on a glass surface in the Anacon device.
The condensing temperature of EcoScreen and R-Tube
was followed with a PT1000 resistance-thermometer. The
EcoScreen achieves a condensing temperature of 2 to +2 1C
by employing a continuous electric refrigeration system. Its
pre-cooled metal cover determines the condensing tem-
perature of the R-Tube. During sample collection the
condensing plastic part of R-Tube warms up to +10 to
+15 1C if the metal cover was cooled to 20 1C and to 2 to
+2 1C if the pre-cooling was set to 70 1C. The collection
tubes of the Anacon device warm up during condensation
from the starting 15 1C to between 10 and5 1C as shown
by the provided continuous thermometry.
EBC accumulating in the collection vial of each condenser
was divided by pipetting it into plastic test tubes (while
determining their volume). Samples were used for immedi-
ate pH determination and for total protein and leukotriene
measurements after storage at 70 1C. Samples were stored
no longer than 1 month.
pH measurements
EBC pH was determined immediately after collection by the
CO2 standardisation method.
13 Briefly, EBC samples were
perfused with CO2 gas and aliquots were taken periodically
for simultaneous pH and CO2 measurements by a blood gas
analyser (ABL 520, Radiometer, Copenhagen, Denmark).
Altogether four measurements were performed on each
sample. A pH–CO2 plot was created and the pH at 5.33 kPa
CO2 partial pressure was calculated using the logarithmic
regression equity obtained from the plot.
Determination of total protein concentration
Total protein concentration was determined colorimetrically
(Bradford Reagent, Sigma-Aldrich, B-6916, USA). Due to the
expected low protein concentration, the micro-assay pro-
tocol suitable for a concentration range between 1 and
10 mg/ml was used. The standard curve was prepared using
Chicken egg albumin (Sigma, A-5503, USA). Absorbance was
measured at 595 nm with a spectrophotometer.
Leukotriene measurements
LTB4 and cys-LT levels were determined using commercially
available EIA kits (Cayman Chemical, Ann Arbor, USA). To
improve biomarker recovery condensing plastic surfaces of
EcoScreen and R-Tube were coated with Tween-20 and some
samples were buffered (Buffer A from the CSAA 1 Microarray
kit, Sigma-Aldrich Fine Chemicals, St. Louis, MO, USA, in
1:50 dilution) before storage.
Detection of salivary contamination
The salivary contamination of the samples was tested by
measuring their a-amylase activity as described by Gaber
et al.19 The colorimetric reaction (reagents from Sigma-
Aldrich Fine Chemicals, St. Louis, MO, USA) is based on the
hydrolysis of starch. The absorption was detected at 540 nmwith a spectrophotometer (Stat Fax 2100, Awareness
Technology Inc., Palm City, FL, USA). The limit of detection
was 0.078U/ml that corresponds to a 1000-fold dilution of
saliva.Statistical analysis
The software GraphPad Prism 4.0 (GraphPad Sofware Inc.,
USA) was used for all analyses. Data of the three different
types of condenser were analysed by repeated measures
ANOVA followed by Bonferroni’s post-hoc test for volume
and total protein content and Kruskal–Wallis test followed
by Dunn’s post-hoc test for pH, while the effect of the
condensing temperature was analysed by paired t-test and
Mann–Whitney U-test, respectively. Measured variables are
expressed and graphically depicted as mean7SD. A differ-
ence was considered significant at po0.05. Pearson’s
correlation between parameters measured with different
devices or at different temperatures was calculated.Results
EBC volume
There was no significant difference between sample volumes
colleted with the different condensers, although there was a
tendency for smaller sample volumes obtained by R-Tube
compared to the other two types of condenser (EcoScreen:
13407410, R-Tube: 10007360 and Anacon: 13507690 ml).
R-Tube collected significantly more condensate at 70 1C
than at 20 1C (12707260 vs. 10407160 ml, p ¼ 0.017).EBC pH
EBC pH of samples collected with EcoScreen was signifi-
cantly higher than the pH of samples collected with R-Tube
or Anacon (6.4570.20 vs. 6.1970.23, po0.05 and
6.1070.26, po0.001; respectively) (Figure 1a). There was
a correlation between EBC pH values collected with R-Tube
and Anacon (r2 ¼ 0.54, po0.01) but no correlation was
found between values of EcoScreen and either other device
(Table 1).
Condensates collected by R-Tube at 70 1C were more
acidic than those collected at 20 1C (5.8270.07 vs.
5.9970.20, po0.05) (Figure 1b). There was a correlation
between EBC pH values collected at different temperatures
(r2 ¼ 0.59, po0.004).Total protein concentration
The mean total protein concentration in EBC samples
obtained with EcoScreen was higher when compared to
the other two devices. However, only the difference
between EcoScreen and Anacon samples was significant
(3.8972.03 vs. 2.6571.98, n.s. and 1.8871.99 mg/ml,
po0.004) (Figure 2a). There was a correlation between
EBC protein content collected with R-Tube and Anacon
(r2 ¼ 0.74, po0.0003) but no correlation was found be-
tween values of EcoScreen and either other device.
ARTICLE IN PRESS
7.0
6.5
6.0
5.5
5.0
R-Tube AnaconEcoScreen
p
H
7.0
6.5
6.0
5.5
5.0
p
H
-20°C -70°C
condensing temperature
condenser
Figure 1 Comparison of EBC pH collected with three different
condensers (a) and at two different temperatures (b).
Table 1 Correlation of EBC parameters collected with
different condensers and at different temperatures.
ES–RT ES–A RT–A 20–70
Volume n.s. n.s. r2 ¼ 0.61,
po0.003
n.s.
pH n.s. n.s. r2 ¼ 0.54,
po0.007
r2 ¼ 0.59,
po0.004
Protein n.s. n.s. r2 ¼ 0.74,
po0.001
r2 ¼ 0.42,
po0.03
The values shown are the coefficients of determination. ES:
EcoScreen, RT: R-Tube, A: Anacon, 20: 20 1C, 70: 70 1C,
n.s.: not significant.
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Figure 2 Comparison of EBC total protein content collected
with three different condensers (a) and at two different
temperatures (b).
Standardisation of breath condensate collection 723There was no significant difference in total protein con-
centration of samples collected by R-Tube at different
temperatures (2.7470.99mg/ml at20 1C vs. 2.4170.92mg/ml
at 70 1C) (Figure 2b). There was a correlation between EBC
total protein concentrations collected at different temperatures
(r2 ¼ 0.42, po0.05).Leukotrienes
No LTB4 could be detected in any of the samples even when
plastic surfaces were coated with detergent.
Cys-LT concentration in samples collected with EcoScreen
was 65.8717.0 pg/ml. No cys-LT was found in samples
collected with R-Tube either at 20 1C or at 70 1C or with
Anacon. Coating the condensing surface with Tween-20 or
only storing samples for 1 night with additional buffer did
not improve recovery.Salivary contamination
No a-amylase activity was found in any sample.Discussion
In the current study we tested the influence of condenser
type and condensing temperature on EBC composition. Our
data demonstrate that EBC pH, total protein and cysteinyl-
leukotriene concentrations are influenced by the choice of
condenser. Furthermore, the condensing temperature has
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content.
By comparing three different condensers we have found
that EBC samples collected with EcoScreen have higher pH
and total protein concentration than samples collected with
R-Tube or Anacon with no significant difference between
the latter two devices. LTB4 was not detected in any of the
samples, regardless of the type of condenser used while
detectable amounts of cys-LT was present in samples
collected with EcoScreen but not in those collected with
R-Tube and Anacon.
To our knowledge no comparative data have been published
to date on EBC samples obtained by the Anacon device. We
found that this condenser provides similar sample volume as
the other two frequently used condensers and at least for the
parameters tested, EBC content is similar to that of samples
collected using R-Tube. There was no correlation between
parameters measured with EcoScreen and Anacon and there
was approximately 60% correlation between parameters
measured with R-Tube and Anacon.
For the investigation of the condensing temperature we
chose R-Tube, as it was easy to set its covering metal tube at
20 or 70 1C by putting it into two refrigerators of the
laboratory. Samples collected at lower temperature were
more acidic.
We demonstrated a small but significant difference in pH
between samples obtained by EcoScreen and the two other
type of condenser. Furthermore, we detected a significant
pH difference due to changes in condensing temperature.
Only one previous study found a significant difference in EBC
pH between different devices (8 vs. 7, 20, 21). No significant
difference in EBC pH has been found between different
collecting temperatures.11 This could be explained by the
fact that the method we used for EBC pH assessment13 is six
times more reproducible than those used in the previous
studies.7,8,11,20,21 It is not clear which components of EBC
are responsible for the change in EBC pH. It has been
observed that the ammonia concentration is lower in EBC
samples obtained at lower condensing temperatures.11
Similarly, other volatile molecules are likely to behave
differently at different temperatures and thus affecting
EBC pH.
The higher protein concentration found in samples
collected with EcoScreen as compared to R-Tube samples
is in accordance with a previous report about the
levels of eotaxin present in samples obtained using
these two devices.7 The reason why the EcoScreen collects
more protein remains unclear. Adhesion of proteins to
the condenser surface alone cannot explain the result.
The findings of Rosias et al.9 showing that more albumin is
present in condensates collected on a glass surface as
compared to samples condensing on teflon or a polypropy-
lene surface would suggest that Anacon is the most potent
among the three devices in collecting proteins. The
condensing temperature does not explain this result either
as there was no difference in EBC protein concentration
between samples collected at 20 and 70 1C. The
observation that changes in the condensing temperature
does not influence total protein concentration is noteworthy
especially in light of the fact that EBC volume is increased at
lower temperature. The higher volume however is not
accompanied by a decrease in protein concentrationsuggesting that the lower condensing temperature does
not simply increases the efficiency of condensation of water
vapour.
The fact that we did not find LTB4 in any of the samples is
in line with previous findings suggesting that LTB4 in EBC of
healthy subjects is derived from the oral cavity,19 although
it contradicts findings from other groups.10,15–17 We could
not detect cys-LTs in samples obtained using the R-Tube and
the Anacon. This is not unprecedented in the literature18 but
Soyer et al.7 reported detectable amounts of cys-LTs in
samples either from R-Tubes or EcoScreen although con-
siderably lower in the former.
Absence of correlation between parameters obtained
with EcoScreen and the two other devices, but existing
correlation in several parameters obtained with R-Tube and
Anacon, and between samples obtained at different
condensing temperatures as well suggest that condenser
type and condensing temperature may not fully explain the
disparity of biomarker levels.
Salivary contamination of the condensate is a subject of
debate.19,22 Nevertheless, if present, it would greatly
influence the biomarker levels. Indeed, Gaber et al.19
detected a-amylase activity by a hypersensitive method in
EBC samples that had measurable LTB4 immunoreactivity,
suggesting that these samples were all contaminated with
saliva. This method is able to rule out a potential salivary
contamination up to a 1:1000 rate. The dilution of the
droplets of the airway surface lining fluid in EBC may
be higher so even this method is not sufficient enough
to definitely exclude the salivary contamination of the
samples.
We did not calculate the dilution factor of the airway
surface lining fluid. The measurement of ion or urea
concentration or conductivity is proposed for the calculation
of the dilution factor.22–24 Even if they are suitable
to determine that the average dilution of the droplets of
the airway surface lining fluid in EBC is around 1:10 000,
these measurements are not reliable enough to calculate
the dilution factor of single samples. Ion concentrations are
found in a 10-fold range and dilutions calculated with
different methods may differ with 100%. Standardised EBC
pH is a far more precise value. Until the perfection of ion-
selective electrodes the calculation of the dilution factor
remains probably not reliable.
Another potential confounding factor, breathing pattern
was not found to influence EBC pH and protein content.25
In summary, we found that the type of the condenser
affects pH, total protein and cysteinyl-leukotriene concen-
tration of exhaled breath condensate samples. Condensing
temperature influences condensate volume, pH but not total
protein concentration. Our data strengthen the notion that
the choice of condenser and cooling temperature has a
considerable impact on sample composition and therefore
should be properly controlled in each study. Further studies
are required to determine what other factors may con-
tribute to the variability of biomarker levels in EBC.Conflicts of interest
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